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Minimum urine flow rate during water deprivation: Importance of the
permeability of urea in the inner medulla. We evaluated whether altering
the rate of excretion of sodium (Na) and chloride (Cl) when antidiuretic
hormone (ADH) acts would cause urea to behave as an ‘effective’ or
‘ineffective’ urinary solute. Urine composition was compared to that in the
excised papillary tip in rats treated with DDAVP while on a normal or a
low electrolyte diet; half the rats were given a urea load. Studies were also
carried out in humans who were water restricted for 12 to 16 hours and
given DDAVP. One group had a high rate of NaCl excretion induced by
a thiazide diuretic, while the other group consumed a low salt diet to
decrease the rate of excretion of electrolytes. Urea (3 mmol/kg) was
ingested after the control urine samples were collected. On the high salt
protocols, the urine flow rate was directly proportional to the rate of
excretion of electrolytes (‘non-urea’ osmoles) and there was no change in
the ‘non-urea’ osmolality despite large changes in Na and Cl excretion
rates. After urea was administered, there was no change in urine flow rate,
‘non-urea’ osmolality, or ‘non-urea’ osmole excretion rate, whereas the
urinary urea concentration, urine osmolality and the rate of excretion of
urea were higher. The papilla of the salt-loaded rats had a similar urea
concentration to that in the urine. In contrast, in the low electrolyte
excretion protocols, the sum of the concentrations of ‘non-urea’ osmoles
in the urine was much lower than that in the excised papilla, and the
converse applied to urea. Similar changes were observed in the composi-
tion of the urine in human subjects with high and low rates of excretion of
electrolytes. We conclude that urea appears to be an ‘ineffective’ urine
osmole when there is a high rate of salt excretion, whereas urea is an
‘effective’ osmole when there is a low rate of excretion of electrolytes.
Control of the rate of water excretion is important for survival
[1–4]. When water must be conserved, antidiuretic hormone
(ADH) increases the permeability for water in the distal part of
the kidney, that is, the late distal convoluted tubule (DCT), the
cortical collecting duct (CCD), and throughout the medullary
collecting duct (MCD) [reviewed in 5, 6]. Since water should
achieve diffusion equilibrium in the distal nephron of humans
when ADH acts, the sum of the concentrations of all solutes in the
medullary interstitium and the urine should be equal [1, 7–13].
Only solutes that achieve a concentration difference across a
semipermeable membrane directly influence water movement.
While individual electrolytes have different concentrations on
both sides of the inner medullary collecting duct (IMCD) when
ADH acts, it is not clear whether this always holds true for urea,
the major urinary solute [1, 7–13]. On the one hand, one could
predict that the concentrations of urea may be almost identical
here during water deprivation because ADH induces a urea
transporter in the luminal membrane of the IMCD [14–18]. If
urea truly was very permeable, urea should not have a direct
influence on the rate of excretion of water; rather, all that would
happen is that there would be parallel changes in the concentra-
tion of urea in the inner medullary interstitial fluid and the final
urine [2]. On the other hand, it is well known that the urine can
have a high osmolality and very few electrolytes when the ECF
volume is contracted. In this setting, urea is virtually the sole
urinary solute (discussed in [19]). The paradox is that urea cannot
be the sole urinary solute if it and water are both permeable
enough and one of the compartments, the inner medullary
interstitial compartment, has a much higher concentration of
solutes other than urea (such as electrolytes; Fig. 1).
Accordingly, the urine flow rate was examined in terms of its
‘non-urea’ osmolality (osmolality-urea concentration in mM units)
and the number of ‘non-urea’ osmoles excreted when ADH acts to
evaluate the response of the inner medulla to water deprivation
[2, 20–22]. In this context, we addressed the question, what is the
influence of the rate of excretion of electrolytes on the apparent
ability of urea to reach diffusion equilibrium in the inner medulla
in vivo? Studies were carried out in rats and humans at times when
ADH was present, but the rate of excretion of electrolytes and
urea were varied. Direct comparison of urine and papillary data
were obtained in rats. The results suggest a near equilibrium for
urea, but only when the rate of excretion of electrolytes is high.
METHODS
Studies in rats
Male Wistar rats were cared for in accordance with the
principles and guidelines of the Canadian Council on Animal
Care. This study was approved by the Animal Care Committee at
St. Michael’s Hospital. Rats were housed in individual metabolic
cages so that complete collections of urine could be obtained. The
rationale of the study was to compare the composition of the urine
and the papillary tip when ADH acted and electrolytes accounted
for a high and then a low proportion of the osmoles excreted. All
groups of rats received desmopressin acetate (DDAVP, 6 mg/kg;
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Ferring Inc., Toronto, ON, Canada), a synthetic ADH analog, so
that a hyperosmolar urine would be excreted.
Maximum water conservation in rats excreting a high proportion of
electrolytes to total osmoles in the urine. The first protocol was
carried out in rats fed their usual chow up to the morning of the
experiment. On the day of the experiment, food and water were
removed for the six-hour study period. Isotonic saline (40 ml/kg)
was administered intraperitoneally to ensure that urea constituted
less than half of the osmoles excreted. Two groups of rats were
studied. The control group (N 5 10) received only isotonic saline
via the intraperitoneal route and the experimental group (N 5 8)
had urea (3000 mmol) added to the saline administered.
Maximum water conservation in rats excreting a low proportion of
electrolytes to total osmoles in the urine. A second protocol was
carried out in 15 rats fed a low electrolyte diet for three days so
that urea would be the predominant urinary solute. Urea was
administered intravenously as a 1000 mM urea solution to increase
the concentration of urea in the urine. On the day of the
experiment, rats (N 5 7) were anesthetized with inactin (100
mg/kg body wt) and a catheter was inserted into the femoral vein
for infusion of urea, and into the bladder for urine collection.
Urea (1000 mM) was administered as a bolus (0.17 ml/min) for five
minutes followed by an infusion rate that matched urine flow rate.
Once a steady state was achieved, urine was collected for analysis.
Excision of the papillary tip. Rats were anesthetized with inactin
(100 mg/kg body wt) and a catheter was inserted into the femoral
vein for infusion. An abdominal incision was made so that a
catheter could be fixed in the urinary bladder and untied ligatures
could be in place loosely around the pedicle of each kidney. This
pretreatment allowed for immediate isolation of the kidneys and
rapid excision of each papillary tip at the end of the experiment.
Each rat received a bolus of isotonic saline (15 ml) followed by a
continuous infusion of isotonic saline at a rate of 0.3 ml/min. The
rats were left for 90 to 120 minutes and then urine was collected
for 15 minute intervals until the urine composition did not change;
at this time, the kidneys were removed rapidly. The kidneys were
sliced along their longitudinal axis with a sharp knife to expose
intact papilla. The papillary tip was blotted, excised and trans-
ferred immediately to a pre-weighed plastic vial and sealed. The
vial was weighed and then one ml of the solution used for flame
photometric measurement of Na and K was added and the tissue
was homogenized. This fluid was analyzed for Na, K and urea. The
same procedure was followed in a second group of rats fed the low
electrolyte diet the night before the experiment; they received an
infusion of hyperosmolar urea (1000 mM) instead of isotonic
saline. In another group of rats, the renal papilla was excised as
above and dehydrated for estimation of water content. These wet
and dry weights were utilized for all calculations.
Studies in humans
The study protocol was approved by the Ethics Committee for
experiments in humans at St. Michael’s Hospital, and informed
consent was obtained for all protocols. Volunteers (age 17 to 59)
consumed their usual diet and took no medications. Two different
study protocols were used.
Maximum water conservation in humans excreting a high propor-
tion of electrolytes to total osmoles in the urine. In the first protocol,
six subjects (4 male, 2 female) consumed their usual diet but
curtailed their intake of water from 20:00 hours on the evening
prior to study; DDAVP (0.3 mg/kg body wt) was taken intranasally
at 07:30 hours of the next morning. Subjects voided on request at
09:30 hours; 50 mg hydrochlorothiazide was then taken to in-
crease the proportion of electrolytes to total osmoles in the urine.
After a steady state of urine flow rate was achieved (3 hr), urea
was ingested (3 mmol/kg body wt) and urine was collected q1h for
four hours to study the effect of urea on maximal renal water
conservation in this setting.
Maximum water conservation in humans excreting a low propor-
tion of electrolytes to total osmoles in the urine. The rationale for
this protocol was to determine if raising the rate of excretion of
urea would increase the urine flow rate when the urine was
electrolyte-poor. Eight subjects consumed a ‘no salt added’ diet
for three days. On day 1, they took 20 mg furosemide times 3 to
achieve a negative balance for Na and Cl. On the fourth day of this
protocol, a second-voided morning urine sample was voided on
request after overnight water deprivation, following which each
subject ingested 6 mmol urea per kg body wt with a small volume
of water. Urine samples were collected by spontaneous voiding
q1h.
Analytical techniques
The concentrations of Na and potassium (K) in urine were
determined by flame photometry (Radiometer FLM 3; London
Scientific Ltd., London, ON, Canada) and Cl was determined by
electromimetic titration (Chloridemeter, CMT 10; London Scien-
tific). Osmolality was measured by freezing point depression
(advanced micro-osmometer model 3MO; Advanced Instruments
Inc., Needham Heights, MA, USA); urea and creatinine were
measured as previously described [23].
Calculations
‘Non-urea’ osmolality. The ‘non-urea’ osmolality of the urine
was calculated as the difference between the measured urine
osmolality and its urea concentration in mM terms; this value was
virtually equivalent to double the sum of the concentrations of the
cations Na, K, and NH4
1. The rate of excretion of osmoles or
Fig. 1. Rationale to illustrate that urea is not permeable enough to avoid
a concentration difference on a low salt diet. The papillary tip composition
is shown in (A), whereas the composition of the urine is shown in (B).
Urea is represented by the clear portion and NaCl by the grey striped
portion of the bar; the total osmolalities are equal. The numbers are
representative figures to illustrate the concept that if the sum of the
concentrations of all electrolytes (represented by Na, Cl for simplicity) in
the urine is , pOsm, then urea did not achieve equal concentrations in the
urine and the papillary interstitial compartment.
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‘non-urea’ osmoles was equal to the product of the urine flow rate
and the osmolality or ‘non-urea’ osmolality in the urine.
Statistical analysis. Values were presented as the mean 6 SEM.
Mean values were compared using paired values and a Student’s
t-test.
RESULTS
Studies in rats consuming their usual diet
The rationale of this study was to determine if a urea load
would alter the urine flow rate when the proportion of electrolytes
to total osmoles in the urine was high. When saline was adminis-
tered to rats treated with DDAVP, the urine osmolality was
1526 6 125 mOsm/kg H2O and the urine flow rate was 9.4 6 1.1
ml/min (Table 1). Urea accounted for only close to 1/3 of the urine
osmolality [urea 536 6 51 mM with Na and K salts representing
the vast bulk of the remaining urine osmoles (2 times [Na 1 K] 5
965 mM)]. When these rats received an infusion of 3000 mmol of
urea, they excreted almost all the infused urea (2759 mmol over 6
hr). This rise in excretion of urea did not obligate the loss of extra
water (urine flow rate 9.4 6 1.1 ml/min before, and 7.3 6 0.8
ml/min after urea, P 5 NS); rather, all that changed in the urine
was close to a threefold rise in the concentration of urea and a
similar rise in its excretion rate together with a significant rise in
urine total osmolality (1526 6 125 to 2602 6 96 mOsm/kg H2O,
P , 0.01; Table 1). In contrast, there was no significant change in
the ‘non-urea’ osmolality or in the ‘non-urea’ osmole excretion
rate (Table 1).
Studies in rats on a low electrolyte diet for three days
In contrast to the above, urea accounted for close to 2/3 of the
osmoles excreted (urea 982 6 150 mM, osmolality 1571 6 202
mOsm/kg H2O; Table 2). When these rats were infused with urea,
in contrast to the rats consuming their usual diet, there was a
greater than fivefold rise in the urine flow rate (from 6.6 6 1.3 to
38 6 4.6 ml/min, P , 0.01) and a fall in the urine osmolality
(1571 6 202 to 894 6 35 mOsm/kg H2O, P , 0.01). As in the rats
consuming their usual diet, there was also a significant rise in the
rate of excretion of osmoles (Table 2). Moreover, there was a
large decline in the ‘non-urea’ osmolality (588 6 83 to 153 6 22
mOsm/kg H2O, P , 0.01) after the administration of urea. Of
note, the ‘non-urea’ osmolality of the urine was now significantly
less than that in plasma.
Comparison of the composition of the renal papilla and the
urine
The data depicting the composition of the renal papillary tip
and the urine from the same kidney with both dietary intakes plus
an infusion of urea are provided in Table 3. Special care was taken
to have simultaneous values in steady-state for excretion and that
the papilla sample be as small as possible (Discussion). In the rats
Table 1. Effect of urea on the excretion of water in rats with a high
proportion of electrolytes to total osmoles in the urine
Saline
(N 5 10)
Saline 1
200 mM urea
(N 5 8)
Creatinine clearance ml/min 1.5 6 0.1 1.8 6 0.2
Flow rate ml/min 9.4 6 1.1 7.3 6 0.8
Concentrations
Osmolality mOsm/kg H2O 1526 6 125 2602 6 96
a
‘Non-urea’ osmolality mOsm/kg H2O 991 6 76 865 6 69
Urea mM 536 6 51 1737 6 108a
Na mM 169 6 17 196 6 22
K mM 313 6 37 331 6 19
Cl mM 359 6 25 353 6 25
NH4
1 mM 53 6 7 46 6 5
Excretions
Osmoles nOsm/min 13219 6 765 18532 6 1758a
‘Non-urea’ osmoles nmol/min 8636 6 546 6284 6 819
Urea nmol/min 4584 6 243 12248 6 1230a
Na nmol/min 1625 6 271 1425 6 219
K nmol/min 2604 6 88 2421 6 323
Cl nmol/min 3202 6 298 2625 6 391
NH4
1 nmol/min 464 6 58 323 6 44
Rats fed normal chow were given isotonic saline; urea was added to the
infusate at a concentration of 200 mM (a total of 3000 mmol) for the
saline 1 urea group. Urine was collected over a 6 hr period. Results are
presented as the mean 6 SEM; the number of rats is shown in parentheses.
a p , 0.01 vs. the saline group
Table 2. Effect of urea on the excretion of water in rats with a low
proportion of electrolytes to total osmoles in the urine
Pre-urea
(N 5 10)
Post-urea
(N 5 7)
GFR ml/min 1.6 6 0.1 2.1 6 0.2
Urine flow rate ml/min 6.6 6 1.3 38 6 4.6a
Concentrations
Osmolality mOsm/kg H2O 1571 6 202 894 6 35
a
‘Non-urea’ osmolality mOsm/kg H2O 588 6 83 153 6 22
a
Urea mM 982 6 150 742 6 44
Na mM 24 6 7 24 6 2
K mM 28 6 14 12 6 3a
Cl mM 40 6 7 23 6 2a
NH4
1 mM 226 6 33 35 6 5a
Excretions
Osmoles nOsm/min 8416 6 791 33372 6 3261a
‘Non-urea’ osmoles nmol/min 3296 6 436 5465 6 570
Urea nmol/min 5120 6 549 27907 6 3213a
Na nmol/min 108 6 15 876 6 88a
K nmol/min 99 6 25 421 6 77a
Cl nmol/min 223 6 33 847 6 64a
NH4
1 nmol/min 1263 6 194 1358 6 236
Details are in Table 1 legend.
a P , 0.01 vs. the control group
Table 3. Urea and osmolality in the renal papilla with high and low
electrolyte excretion
Renal papilla Urine
Studies in rats on a normal
diet and infused with
isotonic saline
Osmolality mOsm/kg H2O 1201 6 71 1217 6 74
2 [Na 1 K] mM 878 6 50 803 6 32
Urea mM 323 6 29 406 6 44
Studies in rats on a low salt
diet and infused with
urea
Osmolality mOsm/kg H2O 964 6 22 962 6 30
2 [Na 1 K] mM 488 6 30 93 6 14a
Urea mM 476 6 36 828 6 37a
Results are reported as the mean 6 SEM. The value for the osmolality
in the excised papillary tip is the sum of the contributions of urea and 2
([Na 1 K]).
a P , 0.01 for paired data
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infused with saline and DDAVP, the total osmolality, [urea], and
the ‘non-urea’ osmolality of the urine and papillary interstitial
compartment fell close to the line of identity (Fig. 2 and Table 3).
In contrast, when the animals were on the low salt diet and infused
with urea, the concentration of urea and the ‘non-urea’ osmolality
of the urine and papillary interstitial compartment no longer fell
close to the line of identity (Fig. 2). Now the concentration of urea
was significantly higher in the urine than in interstitial compart-
ment. Since the total osmolality of these fluids was virtually equal,
there was a higher concentration of ‘non-urea’ solutes represented
primarily by Na and Cl in the interstitial compartment. Thus, urea
was an ‘effective’ osmole because it did not approach diffusion
equilibrium in this latter setting.
Studies in humans when the proportion of electrolytes to total
osmoles in the urine was high
On their usual diet, urea constituted close to 50% of the
osmoles excreted in humans prior to taking the thiazide diuretic
(404 6 52 mM urea and a total osmolality of 796 6 42 mOsm/kg
H2O, data not shown). Three hours after taking the thiazide
diuretic, urea accounted for less than 25% of the osmoles excreted
(urea 142 6 30 mM and total osmolality 704 6 49 mOsm/kg H2O;
Table 4). At this time, with urea ingestion there was a significant
rise by paired sample analysis in the concentration of urea (142 6
30 to 298 6 33 mM, P , 0.01) in the urine, but there was no
significant change in the ‘non-urea’ osmolality, ‘non-urea’ osmole
excretion rate, nor in the Na, K or Cl concentrations or excretion
rates (Table 4). With these changes in urine composition after
urea ingestion, there was no alteration in flow rate (1.4 6 0.2 vs.
1.3 6 0.2 ml/min).
Studies in humans when the proportion of electrolytes to total
osmoles in the urine was low
On the low salt protocol, the fractional excretion of Na was low,
as expected. Urea represented the bulk of the osmoles excreted
(urea 516 6 55 mM and total osmolality was 784 6 51 mOsm/kg
H2O; Table 5). The ‘non-urea’ osmolality was much lower than in
the subjects on the normal electrolyte diet [268 6 24 mOsm/kg
H2O (Table 5) versus 562 6 38 mOsm/kg H2O (Table 4)]. Three
Fig. 2. Effect of an infusion of urea on the composition of urine and the
renal papilla. Two groups of rats were studied, those on a high salt
protocol (1) and those on a low salt protocol and infused with urea (E).
Values for the mean in each group are shown as (f) with SEM bars. The
line of identity between urine and papillary concentrations is depicted as
a solid line. In the top figure, the sum of the concentrations of Na 1 K in
the urine are shown on the y axis and the [Na 1 K] for the excised renal
papilla are shown on the x axis. The dashed line represents the sum of the
concentrations of Na 1 K in plasma. In the B, the plot is similar except
that the data are for urea rather than electrolytes. The data for electrolytes
and urea are close to the line of identity only on the high salt protocol.
Table 4. Effect of urea on the excretion of water in humans with a
high proportion of electrolytes to total osmoles in the urine
Urea load
No urea Yes urea
Urine flow rate ml/min 1.4 6 0.2 1.3 6 0.2
Concentrations:
Osmolality mOsm/kg H2O 704 6 49 812 6 57
“Non-urea” osmolality mOsm/kg H2O 562 6 38 514 6 46
Urea 142 6 30 298 6 33a
Na mM 209 6 16 212 6 20
K mM 79 6 12 63 6 12
Cl mM 265 6 19 222 6 15
Excretions:
Osmoles mOsm/min 968 6 112 1004 6 89a
“Non-urea” osmoles mOsm/min 779 6 97 637 6 63
Urea mmol/min 188 6 42 367 6 46a
Na mmol/min 296 6 42 271 6 37
K mmol/min 101 6 10 71 6 8
Cl mmol/min 370 6 49 280 6 32
The values designated ‘no urea’ were obtained 3 hr after consuming the
thiazide diuretic and the values designated ‘yes urea’ are from the urines
3-4 hr after consuming urea. Results are presented as the mean 6 SEM for
6 subjects.
a P , 0.01 for paired observations
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hours after urea was taken, there was close to a threefold rise in
the urine flow rate (0.36 6 0.05 to 0.91 6 0.13 ml/min, P , 0.01),
but no significant change in the total urine osmolality (784 6 51
vs. 759 6 65 mOsm/kg H2O, Table 5). Now the ‘non-urea’
osmolality fell to 162 6 25 mOsm/kg H2O (Table 5), a value
distinctly lower than the plasma osmolality of 288 mOsm/kg H2O.
These results in humans were parallel to those in rats with these
different diets.
DISCUSSION
Building on well accepted concepts, only particles restricted to
one of two compartments ‘count’ with respect to water distribu-
tion between them (‘effective’ osmoles). In this context, urea is
not included when calculating the ‘effective’ osmolality of plasma.
Rather, the total osmolality minus the urea concentration in mM
terms is used to indicate the ‘effective’ osmolality in body fluids
(the ‘non-urea’ osmolality). Applying this same logic to the
IMCD, one should again only consider impermeant particles with
respect to diffusion of water in this nephron segment. Whether
one should use urea or total osmolality depends on whether the
permeability for urea in the IMCD is high enough to avoid a
major concentration difference for urea between its lumen and
the corresponding interstitial compartment. Antidiuretic hor-
mone causes the insertion of a transporter for urea (VRUT) into
the luminal membrane of the IMCD [17, 18, 24]. Nevertheless, it
cannot be deduced from these elegant experiments whether urea
is always or only sometimes sufficiently permeable in vivo to avoid
a concentration difference for urea between the lumen of the
IMCD and the corresponding interstitial compartment. If urea
was permeable enough to avoid a concentration difference for
urea in the inner medulla, the ‘non-urea’ or ‘effective’ osmolality
in the medullary interstitial compartment and the number of
‘effective’ osmoles in the luminal fluid of the IMCD will dictate
what the urine flow rate will be when ADH acts (equation 1).
Urine flow rate 5
Number of ‘effective’ solutes excreted
@‘effective’ solutes#
(Eq. 1)
Although the composition of the urine during salt and/or water
deprivation is known [reviewed in 25], the composition of the
corresponding fluid in the inner medullary interstitial compart-
ment can only be deduced in humans. To evaluate whether a
concentration difference for urea was present between the IMCD
and the interstitial compartment in the inner medulla, studies
must be performed in animals because one must analyze the
papillary interstitial solute and water composition. Two technical
points merit emphasis. First, urine samples are usually taken over
a long period in an intact animal and compared to data obtained
at the moment in time when the papilla was exposed and excised.
This provides an opportunity for a change in papillary composi-
tion due to the procedure for tissue sampling. Such a discrepancy
could help explain why a large osmolality difference between the
urine and the papilla was found in some studies [26, 27], because
this implies that water was not sufficiently permeable when ADH
acted. Second, when fluid from the papilla is analyzed, this fluid
represents as much as 6 to 7 mm of papillary length and not just
fluid from the papillary tip (it is technically more difficult to obtain
and analyze a 1 to 2 mm sample). As a result, the urine in many
studies had a somewhat higher osmolality than the corresponding
papillary compartment in the presence of ADH [1, 7–13]. In this
context, a somewhat higher luminal than interstitial urea concen-
tration could either represent a sampling problem (too much
papillary tissue), or a failure to achieve diffusion equilibration for
urea. In contrast, if the osmolality was equal in both compart-
ments, but one has a much higher concentration of electrolytes in
one compartment than the other, it follows that the concentration
of urea must be appreciably higher in the compartment with the
lower sum of electrolyte concentrations (Fig. 1). Accordingly,
when the urine was electrolyte-poor (very hypotonic to plasma),
there was a concentration difference for ‘non-urea’ solutes (Fig.
2). In this setting, with a higher concentration of urea in the urine
than in the renal papilla, urea is now an ‘effective’ osmole and it
must obligate the excretion of water when ADH acts (Tables 2
and 4).
It is interesting to speculate on the physiologic advantages of
regulating the permeability for urea in the inner medulla when
ADH acts. As background, when water must be conserved, the
urine volume should be low. Notwithstanding, if the urine volume
is too low, relatively insoluble solutes in the urine (such as uric
acid) could precipitate and cause nephrolithiasis. To ensure that
there is oliguria rather than near-anuria when ADH acts, there
must be a given rate of excretion of ‘effective’ solutes; this rate
cannot be too great as it would lead to a large urine volume
(equation 1). Urea should be considered under two circum-
stances: first, when there are abundant ‘non-urea’ osmoles, and
second, in their near-absence. In the former, having urea as an
‘ineffective’ osmole leads to the excretion of urea without obli-
gating extra loss of water because its concentration can be
virtually equal in the papillary interstitial compartment and the
urine (Fig. 2). This does not lead to a danger of too low a urine
volume because the urine contains enough ‘non-urea’ solutes. In
contrast, when the excretion of Na, K and Cl are very low, the
urine contains few ‘non-urea’ solutes. Since the concentration of
urea was higher in the IMCD than the corresponding interstitial
compartment, urea now obligated the excretion of water and
could thereby minimize the danger of excessive oliguria and stone
formation. This interpretation requires a mechanism whereby the
Table 5. Effect of urea on the excretion of water in humans with a low
proportion of electrolytes to total osmoles in the urine
Urea load
No Yes
Urine flow rate ml/min 0.36 6 0.05 0.91 6 0.13a
Concentrations
Osmolality mOsm/kg H2O 784 6 51 759 6 65
“Non-urea” osmolality mOsm/kg H2O 268 6 24 162 6 25
Urea mM 516 6 55 597 6 61
Na mM 59 6 15 51 6 15
K mM 76 6 12 45 6 7
Cl mM 62 6 15 50 6 12
Excretions
Osmoles mOsm/min 272 6 38 636 6 46a
“Non-urea” osmoles mOsm/min 99 6 16 140 6 23a
Urea mmol/min 172 6 26 496 6 40a
Na mmol/min 23 6 6 46 6 15a
K mmol/min 27 6 7 37 6 6
Cl mmol/min 23 6 7 48 6 14a
Fractional excretion Na % 0.16 6 0.04 0.35 6 0.10a
Details are in the legend to Table 4.
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permeability for urea in the IMCD in the presence of ADH could
differ in these two settings.
Based on the above proposal, our study was designed to
determine whether added urea would increase the minimum urine
flow rate (more ‘effective’ osmoles) or not change it (urea is not
an ‘effective’ osmole). In this latter sequence, the concentration of
urea would rise in the urine, but the flow rate would not change
unless the enhanced reabsorption of urea plus water lowered the
interstitial ‘effective’ or ‘non-urea’ osmolality (see Appendix). We
found that the minimum urine flow rate and the ‘non-urea’
osmolality of the urine were not different when electrolytes were
the predominant urinary solutes in rats (Table 1) or humans
(Table 4), whether urea excretion was at its usual or a higher rate.
Rather, all that differed was the urine osmolality and urea
concentration, factors that did not directly regulate the urine flow
rate in this setting (equation 1). These results were similar to
earlier experiments of Gamble et al [2] and other investigators
[21, 22]. In contrast, when the rate of excretion of urea was
increased almost twofold on the low salt protocol, there was a
significant rise in the urine flow rate together with a marked fall in
the urine ‘non-urea’ osmolality (Tables 2 and 5). The former data
in Tables 1 and 4 are consistent with the hypothesis that when the
rate of excretion of ‘non-urea’ solutes is high, raising the rate of
excretion of urea does not change the minimum volume or the
‘non-urea’ osmolality of the urine because urea is permeable
enough. In contrast, when the rate of excretion of electrolytes is
low, increasing the rate of excretion of urea led to a rise in the
urine flow rate together with a marked decrease in its ‘non-urea’
osmolality and a rise in the ‘non-urea’ osmole excretion rate,
because in this setting ADH is not able to either insert enough
transporters, that their activity is particularly sensitive to the
concentration of electrolytes in the urine, and/or that the affinity
of the VRUT is not high enough to permit urea to achieve
diffusion equilibrium when its luminal concentration is very high.
Concerning the observed concentration difference for urea in
the inner medulla on the low salt protocols, one cannot simply
attribute this to a higher delivery of urea on these low salt
experiments (Table 1 vs. Table 2, Table 4 vs. Table 5). While many
possibilities merit consideration, we offer the speculation that the
mobility of the VRUT might be greater when fluid in the lumen
of the IMCD has a high ionic strength. Alternatively, binding sites
for specific ions to VRUT or proteins in its vicinity could be
important to regulate its ability to catalyze a rapid carrier-
mediated diffusion of urea. More detailed studies are needed to
test these and other possible speculations.
Perspectives
If urea is permeable enough in the IMCD under the influence
of ADH [14–18, 28], one should examine the urine ‘non-urea’
osmolality and the rate of excretion of ‘non-urea’ osmoles to
understand overall controls for the minimum urine volume when
ADH acts (equation 1). Similar information could be derived
from the urine total osmolality if this was evaluated in conjunction
with the plasma urea level and urine flow rate, factors that will
reflect the likely proportion of electrolytes to total osmoles in the
urine [29]. Therefore, it follows that there are no normal values
for the maximum urine osmolality in humans, just expected ones
for a given diet (protein and salt content). This appears to be the
physiology when the rate of excretion of electrolytes is high. In
contrast, urea appears to be an ‘effective’ osmole when the rate of
excretion of electrolytes is low. Under these conditions, the
excretion of urea obligates a loss of water and thereby avoids the
excretion of too small a urine volume. From the clinical perspec-
tive, one must be careful if only the urine osmolality after water
deprivation is used to indicate the integrity of the renal concen-
trating process. Expected values will depend on the proportion of
urea and ‘non-urea’ osmoles excreted. For example, when the
rates of excretion of urea and electrolytes are equal, the maximum
urine osmolality can be close to 1200 mOsm/kg H2O. In contrast,
when either electrolytes or urea are excreted as the predominant
Fig. 3. Influence of urea on the inner
medullary concentrating mechanism. The
reabsorption of urea from the inner medullary
collecting duct (IMCD; cylinder on the right)
cannot increase the osmolality in the IM
interstitial compartment because it is
accompanied by the reabsorption of water,
which is an isosmolal reabsorption at any
horizontal plane (labeled 1). Nevertheless, this
reabsorption lowers the Na/H2O ratio in the
interstitial compartment. This lower interstitial
[Na] permits Na to diffuse passively from the
thin ascending limb of Henle (tALH), down its
concentration difference (labeled 2 A). It is this
hyperosmolar addition of NaCl to the IM
interstitial compartment that draws water from
the thin descending limb of Henle (tDLH;
labeled 2B). This in turn raises the luminal [Na]
in the tDLH and augments NaCl diffusion
further in the tALH (process 2A). Finally, Na
reabsorption from the IMCD (labeled 3) cannot
raise the osmolality in interstitial compartment
in the IM because it is isosmotic due to the
permeability of the IMCD for water.
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urine solute, much lower values should be expected for the
maximum urine osmolality when ADH acts. Moreover, when Na
and Cl are being conserved maximally in a water-deprived subject,
there is a trade-off, that is, a little larger deficit of water, but a
lesser likelihood of near-anuria and thereby renal stone formation
because urea becomes an ‘effective’ urinary osmole. It follows that
the permeability for urea and water may be regulated in an
independent fashion when ADH acts. One example of indepen-
dent regulation could be the internalization of aquaporin-2 water
channels when the concentration of ionized Ca21 in the urine is
very high [30]. It is also possible that factors in addition to ADH
may modulate the activity of the VRUT in the inner medulla in
vivo.
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APPENDIX
Abbreviations
Abbreviations used in this article are: Na, sodium; Cl, chloride; ADH,
antidiuretic hormone; DCT, distal convoluted tubule; MCD, medullary
collecting duct; CCD, cortical collecting duct; IMCD, inner medullary
collecting duct; DDAVP, desmopressin acetate; K, potassium; VRUT,
transporter for urea; tALH, thin ascending loop of Henle; tDLH, thin
decending loop of Henle.
Urea and ‘non-urea permeability in the inner medullary
interstitial compartment
It is interesting to consider how urea might influence the ‘non-urea’
osmolality of the interstitial compartment when ADH acts. In this setting,
when urea is reabsorbed from the IMCD, water will also be reabsorbed
due to ADH-induced water and urea permeabilities [reviewed in [5] so the
concentration of urea in the reabsorbed fluid will equal the total osmolality
of the interstitial compartment at this horizontal plane (Fig. 3). This
reabsorption will cause the ‘non-urea’ osmolality (but not the total
osmolality) of the interstitial fluid in the inner medulla to fall. Urea will
have another indirect effect on the ‘non-urea’ osmolality in the inner
medullary interstitial compartment [reviewed in 20, 31]. Since the inter-
stitial concentrations of Na and Cl must fall initially when urea and water
are reabsorbed from the IMCD, Na and Cl can now diffuse passively from
the thin ascending limb of the loop of Henle (tALH) to this interstitial
compartment. This NaCl addition without water is the factor that raises
the osmolality in the interstitial compartment. This latter rise in osmolality
causes water to diffuse out of the thin descending limb of the loop of
Henle (tDLH) and thereby raises its luminal NaCl concentration. The net
effect of a higher luminal [Na 1 Cl] is a more favorable concentration
difference for these ions, which further augments their diffusion from the
tALH (Fig. 3). Hence, one could deduce that urea might increase,
decrease, or not change the ‘non-urea’ osmolality of the inner medullary
interstitial fluid.
The concept that urea might not be an ‘effective’ osmole in the inner
medulla during water deprivation was explored in a recent study [20].
Normal and chronically fasted subjects had the same minimum urine
volume, but did so with very different rates of excretion of urea and total
osmoles. They had similar ‘non-urea’ osmolality and ‘non-urea’ osmole
excretion rates, but the nature of impermeable solutes in the lumen of the
IMCD and the interstitial compartment was not identical. During chronic
fasting, NH4
1 and ketoacid anions constituted the bulk of excreted
‘non-urea’ osmoles. Therefore, from an osmotic point of view, there was
little difference in urine volume during water-deprivation if the excreted
‘non-urea’ osmoles were Na 1 Cl or NH4
1 1 b-HB2, providing that their
excretion rates were equal.
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